Abstract. 'Maffei-15' lima beans were subjected to three irrigation regimes (natural rainfall only, partial = 50 mm each week of rain or irrigation from first-flower bud to harvest, and full = 50 mm each week of rain or irrigation from planting to harvest), two between-row spacings (38 and 76 cm), and two in-row plant spacings (5 and 10 cm). The wider in-row spacing increased individual plant vegetative growth but had no effect on economic yield. The combination of 38-cm rows and partial irrigation provided the highest crop growth rate, plant dry matter, leaf area index, water-use efficiency, and economic yieid (equivalent to 3.3 t·ha -1 ).
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An inverse relationship between plant population density and lima bean economic yield has occurred with closer in-row spacing (Lachman and Snyder, 1943; Larson and Peng-Fi, 1948; Matthews, 1933) and closer row spacing (Larson and Peng-Fi, 1948 ) when irrigation either was not used or was not a factor. However, lima beans in the eastern United States typically have been planted in rows 76-91 cm apart with 7.5-to 10-cm in-row spacing (Kee, 1986) . These spacings were necessary to accommodate available harvesting equipment and to permit weed control by cultivation; however, narrow row spacings are now possible because of equipment that harvests lima beans in close row spacings and an effective broadleaf preemergence herbicide {2-[4,5dihydo-4-methy1-4-(l-methyletihyl)-5-oxolH-imidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid (Imazethapyr; American Cyanamid, Princeton, N.J.)}.
Our objective in this experiment was to determine the effects of irrigation regime and plant population density on growth and economic yield of lima bean.
Materials and Methods
The study was conducted near Georgetown, Del. (lat. 38.7°N, long. 75 .3°W) during JuneSept. 1992 . According to the Univ. of Delaware Soil Testing Service, characteristics of the Kalmialoamy sand (fine loamy silicaceous, acid, thermic Typic Hapludult) were as follows: 1.0% (w/w) organic matter; pH = 5.9; and available (kg·ha -l ) P, 157; K, 131; Mg, 88; Ca, 682; Mn, 23; and Zn, 3. Treatments for the 3 × 2 × 2 factorial were 1) irrigation regime {natural rainfall only [rain] ; partial = 50 mm each week of rain or irrigation from first-flower bud [FFB, FFB = 28 days after planting (DAP)] to harvest; full= 50 mm each week of rain or irrigation from planting to harvest ]; 2) 38-and 76-cm between-row spacing; and 3)5-and 10-cm in-row plant spacing. Impulse sprinklers 1.5 m above the soil surface dispersed 25 mm water at each irrigation.
Treatments were arranged as a split-splitplot with three replications. Irrigation regime was the main plot, subplot was between-row spacing, and sub-subplot was in-row spacing. Each sub-subplot consisted of four rows (76 cm between rows) or eight rows (38 cm between rows) that were 6 m long. Border rows surrounded each sub-subplot.
Plots were hand-sown on 8 June 1992. Two days after planting, the plots received 90 kg N/ ha from14N-3P-12K (1-7-14). Imazethapyr herbicide was incorporated preplant at 36 g a.i./ha. Other pest control measures followed Univ. of Delaware recommendations (Univ. of Delaware, 1992) . Air maxima and minima (1.8 m above the soil surface) and rainfall were recorded daily at a weather station 800 m from the plots.
At 38 and 69 DAP, plants from 30 cm of row were harvested from the central rows (outside the central 3 m of each row) to determine plant dry weight and leaf area. Leaf areas of these plants were determined by photocopying all leaves, cutting out the leaf images, and multiplying the weight of the paper leaf images by the paper weight : area ratio. Crop growth rate (CGR; CGR=grams of dry weight/ day) between the two harvest dates was calculated per plant and per plot. Plant dry weight per plot at 38 and 69 DAP was calculated by multiplying the average dry weight per plant by the number of plants in each plot. Leaf area indices (LAI) at 38 and 69 DAP were calculated by multiplying the average leaf area per plant by the number of plants in the plot and dividing this by the subtending land area (4.64 m 2 for 76-cm rows, 2.32 × 2 m 2 for 38-cm rows).
At final harvest (85 DAP), plants were hand-pulled from the central 3 m of two inner rows in each plot and their total fresh weights determined. Flat, green pods and dry pods were separated from the plants, and the pod number and fresh weight of each category was determined. Beans were extracted from the green and dry pods, and the fresh weights of these shelled beans were determined. Harvest index (HI) was calculated as shelled, green lima bean fresh weight per plot as a percentage of plant (total shoot and extracted root) fresh weight per plot.
Results and Discussion
Full irrigation, compared to the other irrigation regimes, increased dry weight per plant or per plot by 38 DAP (Table 1 ). The dry CROP PRODUCTION Table 1 . Vegetative growth of 'Maffei 15' lima bean plants between 38 and 69 days after planting (DAP) in response to irrigation regime (I), and in-row (IR) and between-row (BR) plant spacing. than those of plants receiving rainfall only (Table 1 ). The rain-only plots received 105 mm of rainfall between 38 and 69 DAP, while the partial-and full-irrigation plots received 250 mm water from rain or irrigation. Plant dry weight per plot at 69 DAP was greater with 38-cm between-row spacing than with 76-cm between-row spacing, but this difference was greatest with partial irrigation. Ziska et al. (1985) obtained more shoot dry matter with lima bean plants grown in double rows (2-fold population density) on a 102-cm bed than with lima bean plants grown in single rows. The lower individual plant dry weight with 5-cm in-row spacing than with 10-cm in-row spacing at 69 DAP (Table 1) was offset by the higher plant population density, so plant dry weight per plot was unaffected by in-row spacing.
. . Daily dry-weight gain per plant between 38 and 69 DAP was greater with partial or full irrigation than with-no irrigation, and with wider in-row and between-row spacings than with narrower spacings (Table 1) . Both partial-and full-irrigation regimes gave higher CGR per plot than rain only, but 38-cm rows increased CGR 88% relative to 76-cm rows only in partial-irrigation plots. Because between-row spacing had no effect on daily dry-weight gain per plant in partially irrigated plots, the greater dry-weight gain per plot in 38-cm rows (compared to 76-cm rows) simply reflected the higher plant population density. At 38 DAP, dry weight per plant in 38-cm rows was greater than dry weight per plant in 76-cm rows under full irrigation, but the difference was not significant at 69 DAP. Thus, there was more interplant competition in 38-cm rows than in 76-cm rows between 38 and 69 DAP, causing CGR per plant or CGR per plot to be unaffected by between-row spacing under full irrigation. In-row spacing had no effect on the CGR per plot, indicating that the higher plant population density with 5-cm inrow spacing (compared to 10-cm in-row spacing) compensated for the reduced growth of individual plants.
LAI at 38 DAP was increased by full irrigation compared to no irrigation, by 38-cm between-row spacing compared to 76-cm between-row spacing in partial-and full-irrigation plots, and by 5-cm in-row spacing compared to 10-cm in-row spacing (Table  1) . Relative to no irrigation at 69 DAP, partial irrigation increased LAI in both 38-cm and 76-cm between-row spacings. Full irrigation increased LAI with 38-cm rows but not 76-cm rows. In-row spacing had no effect on LAI. Thus, the greatest potential photosynthetic surface area with the least water input was achieved with partial irrigation and 38-cm between-row spacing.
In 38-cm rows, both partial and full irrigation, compared to rainfall only, increased flat or green pod production equally (167% and 95%, respectively; Table 2 ). Irrigation regime had no effect on the number of green or flat pods per plot with 76-cm rows. Full irrigation compared to other irrigation regimes, regardless of between-row spacing, increased dry pod count per plot and dry bean weight per z LAI = leaf area indices. y Partial irrigation = 5 cm water/week from 28 DAP to final harvest (85 DAP); full irrigation = 5 cm water/ week from planting to final harvest. ***,**,*, NS Significant at P ≤ 0.001, 0.01, or 0.05 or nonsignificant, respectively.
regime plots received only 61 mm of rainfall from planting until 38 DAP during which the average air minimum and maximum were 14.9 and 27.0C, respectively (Fig. 1) . The 70 mm of irrigation since FFB failed to increase the dry weight of plants subjected to partial irrigation relative to those plants receiving only rain by 38 DAP (Table 1) . Between-row spacing had no effect on dry weight per plant by 38 DAP, but plant dry weight per plot was greater with 38-cm between-row spacing than with 76-cm between-row spacing because of the greater population density. Although dry weight per plant by 38 DAP was lower with 5-cm in-row spacing than with 10-cm in-row spacing because of higher interplant competition, the higher plant population density with 5-cm spacing lead to greater plant dry weight per plot. By 69 DAP, dry weights of plants subjected to partial and full irrigation were not significantly different but were 90% higher Fig. 1 . Maximum and minimum daily air temperatures and rainfall from ulanting to harvest in 1992. Dailv .-. irrigation of the partial irrigation regime began at first flower bud (FFB), Crop growth rate was determined between 38 and 69 days after planting (DAP). Table 2 . Pod and bean yields and harvest index (HI) of 'Maffei 15' lima beans at final harvest as influenced by irrigation regime (I) and between-row plant spacing (BR). plot, indicating hastened crop maturation. In contrast to the results of Lambeth ( 1950) , who noted greater variation of maturity due to flower and small-fruit abortion when lima beans plants were subjected to soil water stress, we observed no reduction in synchrony of economic yield of plants not provided irrigation. Shelled green lima bean weight per plot, similar to the number of green pods per plot, was increased equally by partial or full irrigation relative to rainfall only in 38-cm rows, but it was unaffected by irrigation regime in 76-cm rows (Table 2) . Thus, for economic yield to be increased by the narrower between-row spacing, partial or full irrigation must be supplied. Larson and Peng-Fi Li(1948) noted that, depending on location in Pennsylvania, 51-cm rows, compared to 76-cm rows, produced more, the same, or less economic yield. However, in contrast to our results, in which in-row spacing had no effect on economic yield, these researchers found that economic yield increased as in-row plant spacing decreased from 15 to 5 cm. The higher economic yield at the higher population density was associated with greater plant weights per plot. A positive correlation between lima bean seed yields and shoot dry matter production is documented (Fisher and Weaver, 1974; Lambeth, 1950; Rappaport and Carolus, 1956; Smittle, 1986; Ziska et al., 1985) . Ritter and Scarborough (1990) noted higher lima bean economic yield with partial than with full irrigation at 76-cm between-row spacing, in contrast to our study, in which economic yields were equal with these two irrigation regimes.
We observed that pods grew lower in the canopy with 38-cm between-row than with 76-cm between-row spacing, a response to higher plant population density observed in soybean [Glycine max (L.) Merrill] (Hanway and Thompson, 1967) . The higher economic yield with 38-cm between-row spacing compared to 76-cm between-row spacing maybe explained, in part, by greater pod shading within the canopy as a result of higher LAI and lower pod position. Shade may reduce temperature and increase relative humidity within the canopy, conditions that favor increased pod set and retention (Fisher and Weaver, 1974) . In our study, the average daily air maximum and minimum 1.8 m above the soil surface between FFB and final harvest were 29.3 and 17.6C, respectively, but maxima reached 35C (Fig. 1) .
HI was affected only by irrigation regime. Partial and full irrigation gave higher values than rainfall only (Table 2) . Thus, the combination of 38-cm rows and partial irrigation, compared to 76-cm rows and full irrigation, did not increase the efficiency of economic yield production but gave greater CGR, plant dry matter, and LAI.
Full irrigation and 76-cm row spacing gave economic yields equivalent to 1.9 t·ha -l , similar to the average yield in Delaware. By decreasing between-row spacing to 38 cm, economic yields were increased to 3.3 t·ha -1 for partial irrigation and 3.6 t·ha -l for full irrigation (yields that approach the average 4.0 t·ha -l in California). This study's results show that 10-cm in-row and 38-cm between-row spacing (258,000 plants/ha) give the highest economic lima bean yield in southern Delaware. However, irrigation must be supplied to realize the yield increase from this narrow row spacing. Because economic yields were the same with full or partial irrigation, partial irrigation represents greater water-use efficiency.
